Dil a torne tri c and ultrasonic meas urem e nt s we re mad e o n m ixtures of pe ntan e a nd 2-m eth ylbutane to give density, re la tive vo lum e , isoth e rm a l bu lk modu lu s, ve loc it y of sou nd , a nd ad iabati c b ulk modulu s to press ure of 24 kilobars (2.4 X l Q9N/m' ).
. Introduction
Thi s r e port s upple me nts a prev ious r eport [IP whi c h gave th e r es ults of measure me nts of mixtures of 2-methylbutane and aviatio n in strum e nt oil to 20 kilobars.2 Mixtures of pe ntan e and 2-methylbutane are used as hydrostati c pressure fluid s to 50 kilobars [2] . Th ese press ures are well above th e freezing pressures of th e individual fluid s. A s tud y was undertaken to de termin e th e properties of th e mixtures as a fun c ti on of pressure at room te mpe rature . Th e freezing press ure at room te mpe rature, give n b y R eeves e t al [4] , is 15 kbar for pe ntan e and is 21 kb ar for 2-methylbutan e . The freezin g press ure of pe ntane was meas ured to be 17.55 ± 0.67 kbar by Gelles [5] . Our ex perim e nts show the press ure r eq uire d at 22°C for initiation of freezing to be 25 kbar for pentane and 29 kbar for 2-m eth ylbutan e with equilibrium fr eezing I press ures of 18.2 ± 0.5 kbar and 22.5 ± 0.5 kbar res pectively.
The equilibrium freezin g press ures were d ete rmined by over-pressurizin g th e fluid sufficiently to initiate freezing, then r educin g th e pressure to partially m elt th e solid, and then in creasing the press ure to partially refreeze the liquid in contact with th e solid. The ave rage of the meltin g press ure and thi s refreezing press ure is take n as e quilibrium freezin g press ure.
Attempts to determin e freezin g press ures of various mixtures of th e pe ntan es we re un s uccessful. One 1 Fi gures in brac ket s indi cat e th e lit e rature refe re nces at th e e nd of thi s pape r. 2 I kilobar = 108 N/ m2, mixture of 90 per ce nt pentane-lO per ce nt 2-methylbutan e a ppeare d to freeze at 27 kba r but fiv e other attempts to freeze simila r mixtures were un s uccessful at press ures of 30 to 39 kbar. One mixture of 75 perce nt pe ntane-25 percent 2-meth ylbutane ap peared to freeze at 33 kbar but a seco nd mixture failed to freeze at 39 kbar. Oth er mixtures s howe d no freezin g at 39 to 44 kbar. While no sati sfac tory freezing determ in ation s were made for th e mixtures th e pro perti es de te rmin e d for th e mixtures as well as th e pure s ubs tan ces to 24 kbar are prese nted. Th e pure pe ntan es are in the s upe rcoole d (s uperpress urized) state above their equilibrium freezin g press ures.
Low-Pressure Measurements (Atmospheric
Pressure)
The densities of the mixtures were dete rmin ed by weighing known volumes of the fluid s . Th e same 10 MHz transducer and electroni c equipm e nt whi c h are used for the high press ure ultrasoni c meas ure me nts, described in refere nce [3] , were arranged with a separate vessel to meas ure the velocity of so und of the mixtures at atmos ph eri c press ure. The adiab atic bulk modulus, Bs, is calc ulate d from Bs= 'pc 2 whe re p is the d e nsity and c is th e velocity of sound. Th e low press ure dilatome r [1] was used to meas ure the isoth ermal bulk modulu s of th e mixtures . Smoothed valu es of th ese res ults as well a s the ratio of the adiabati c to isothe rmal bulk moduli are given in table 1 for a te mperature 22°C. The density measurements for pentane (624 kg/m 3 ) and for 2-methylbutane (618 kg/m 3 ) agree with the values 624 and 620 respectively taken from Bridgman [6] and the values 624 and 618 respectively taken from Timmerman [7] .
The velocity of sound measurement for pentane (1020 m/s) is in fair agreement with the values, corrected by means of reported temperature dependence to 22°C, of 999 mls taken from Schaaffs [8] , 1015 mls taken from Swanson [9] , and 1035 mls taken from Schaaffs [10] .
The velocity of sound in 2-methylbutane (980 m/s) differs from the value 1007 mls taken from Schaaffs [10] by approximately the amount of the spread of the values for pentane.
The value s of isothermal bulk modulus(B j, = -V dpl dV) fo r pentane (5. 1 kbar) and 2-methylbutane (4.5 kbar) are greater than the values of 3.0 kbar and 3.1 kbar respectively which were extrapolated from values calculated from Bridgman [6] . The isothermal bulk modulus for 2-methylbutane calculated from data in the International Critical Tables (LC.T 
The ratio of adiabatic to isothermal bulk modulus of 1.27 for pentane agrees with 1.20 taken from Bergman [12] and the ratio of 1.32 for 2-methylbutane agrees with 1.32 taken from I.C.T. [11] .
High-Pressure Measurements
A piston and supported cylinder device which uses a polyethylene (PETH) . sleeve to contain the fluid is described in [1] and [3] . The position of the piston is followed by dial gages and appropriate corrections are applied for friction, piston compression, cylinder expansion, and the compression of the polyethylene sleeve. The length of the sample volume and the relative volume of the fluid to the volume at atmospheric pressure is determined. A quartz transducer is bonded to the closure plate in order that an ultrasonic pulse can be sent through the plate. The time difference between the arrival of a partial reflection of the pulse at the first passage from the closure plate to the sample and the arrival after passage through the sample and back is determined by an oscilloscope with a calibrated delay. This time of flight and the length of the sample permit the determination of the velocity of sound in the fluid at pressure. Such measurements were made to maximum pressures of 26 to 44 kbar with various mixtures of the pentanes to measure relative volumes and velocities of sound. These parameters , combined with the low-pressure determinations , were used to determine the bulk moduli and the ratios of the bulk moduli. The values from atmospheric press ure determinations are used for the 0 kbar points in all the tables and figures. Figure 1 shows the relative volume , the ratio of the volume at pressure to the volume at atmospheric pressure (VIVo), of individual samples of pentane and of 2-methylbutane. The volume change at 25 and 29 kbar respectively show the freezing at overpressurization. Figure 2 shows the relative volumes at .6
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pressure of individual runs on mixtures of pentane and 2-methylbutane_ Table 2 shows the relative volumes at selected pressures of pentane and 2-methylbutane and their mixtures_ Tables 2 through 6 and figures 3 through 6. contain results averaged from five runs each for pentane, 2-methylbutane, and the 90 pentane to 10 2-methylbutane mixture; the results given for other mixtures are from single experiments. Table 3 and figure 3 show the isothermal bulk modulus (Bj. = -V dp/dV). Table 4 and figure 4 show the velocity of sound in meters per second. Table 5 and figure 5 show the adiabatic bulk modulus (Bs = pc 2 ). Table 6 and figure 6 show the ratio of the adiabatic bulk modulus to the isothermal bulk modulus,
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where a is the thermal expansivity, Cp the specific heat at constant pressure, and Cv the specific heat at constant volume. The total spread at 24 kbar for the five pentane runs is 2.4 percent in relative volume , 5.5 percent in velocity, 11 percent in isothermal bulk modulus, and 10.5 percent in adiabatic bulk modulus; for the five 2-methylbutane runs it is 1.1, 2 , 9 and 5 0  1020  1016  1012  1000  990  983  980  2  1963  1900  1909  1903  1884  1860  1929  4  2416  2336  2343  2355  2323  2315  2383  6  2741  2650  2670  2698  2644  2650  2710  8  3004  2902  2918  2955  2901  2915  2971  10  3238  3123  3148  3181  3138  3147  3209  12  3444  3319  3336  3391  3333  3343  3401  14  3623  3488  3515  3560  3521  3525  3602  16  3782  3633  3659  3713  3704  3705  3742  18  3935  3773  3800  3891  3829  3834  3890  20  4091  3921  3954  4033  3939  3971  4033  22  4215  4048  4089  4161  4072  4113  4177  24  4336  4161  4226  4297  4226 4214 4316 percent respectively; and for the five 90 pentane to 10 2-methylbutane mixture it is 2, 2, 16 and 3 percent respectively. Tables 2 through 6 and figures 3 through 6 are terminated at 24 kbar because at higher pressures the scatter of the data increases greatly. The increasing stiffness and decreasing volume of the sample with pressure cause the corrections and uncertainties due to piston-stack compression, cylinder expansion, and PETH compression to increase their effect on the measurements. The effect of estimated uncertainty of input data on the relative uncertainty of the measured values of relative volume, velocity, adiabatic modulus, and isothermal modulus at 24 kbar is shown in table 7.
or 2-methylbutane froze. Also no satisfactory signal was present above 27 kbar in the mixtures. While these mixtures were not frozen and Piermarini et al. [14] show the glass transition to be 70 kbar for a 50 pentane 50 2-methylbutane mixture , the viscosity increase so attenuates the signal that although the impedance match is improving, the signal decreases to a less than usable magnitude.
The mixtures serve as useful high pressure fluids. Since there appears to be no reason to choose any one ratio above another in terms of compressibility or viscosity, the 50-50 mixture would appear a reasonable choice for maximum pressure use based on its high glass transition pressure. The uncertainty attributed to a change of 2 percent at p = 0 and 5 percent at p = 25 kbar in the PETH bulk modulus also includes a small uncertainty due to using a simplified form of Br (PETH)=Bo+B,P rather than a better representation of B'/' (PETH) = Bo+B,P+Ce-O.28P given in reference [13] . A source of some of the scatter between the runs shown above , and not fully taken into account in the uncertainty table, is the amount of liquid in the system when the PETH sleeve seals between the piston and the closure plate. Variation in the initial sealing results in an improper value for sample length and an improper value for the zero friction coefficient. Runs which seal very poorly are spotted and discarded; however, smaller variations contribute to scatter and to the difficulty of extrapolating to zero pressure and are partially responsible for the necessity of separate determination of the zero pressure values. The measurement of the velocity of sound was limited by the quality of the signal. The poor impedance match between the tungsten carbide closure plate and the fluids which gives a combined coefficient for transmission , reflection, and transmission of 5.6 X 10-4 at p = 0 improves to 2.03 X 10-2 at p = 24 kbar. No signal could be detected after the pentane
